Downcore variation of rare-earth elements (REEs) in the authigenic Fe-Mn oxides of a sediment core (covering a record of last ~40 kyr) from the Andaman Sea, a part of Indian Ocean show distinctive positive Ce and Eu anomalies. These positive Ce anomalies (Ce*=1.1~1.8) are ascribed to be due to oxidation of deep sea sediments. The large positive Eu anomalies (i.e., Eu* >1.8 to 3.2) occur within a time span near the glacial/interglacial transition (~7,000-14,000 yr BP) which could be due to the past hydrothermal activity or to the effects arising from sea level changes. During glacial times, the Andaman Sea was almost completely isolated due to low sea level, leading to a reduction in sediment supply from the Ayeyarwady river. The variations of metal abundances (i.e., Ca, Al, Mn, and Fe) in the authigenic fraction provided independent information to evaluate the water column physicochemical changes during the glacial/interglacial transition period. The studied sediment core record changes in riverine inputs and reflect depositional changes related to sea level fluctuations and climatic events over the past 40 kyr in the Andaman Sea.
Introduction
Rare earth elements (REEs) have been widely used as geochemical source fingerprints of rocks and sediments [1] and show small differences in their chemical properties, allowing only limited fractionation during weathering and sedimentation. Among the REEs, Ce and Eu present in two oxidation states, being, therefore, sensitive indicators of the redox conditions in the depositional environments.
Previous studies on sediment geochemistry [2, 3] , isotope composition [4] , REE concentrations of surface waters [5, 6] and monsoon variability of the Andaman Sea [7] were reported. However, the authigenic Fe-Mn oxides in the Andaman Sea sediments were not studied to understand the formation and delivery of this fraction. This study is the first investigation of REEs, major and trace element during Fe-Mn formation, as well as associated changes during the past 40 kyr in the Andaman Sea, a part of Indian Ocean. There are few REEs data available for the deep sea sediments of Andaman Sea, especially with systematic elemental contents along a long sediment core. In the present study, we report the REE distribution patterns in the leachates and to discuss the origin of the REEs and theirs elemental behavior during global sea-level changes over the past forty thousand years.
The Andaman Sea has a complex bottom topography that is characteristic of back-arc basins, being separated by the Andaman-Nicobar Ridge (Fig. 1) . The submarine delta has been built by the outflow of the Irrawaddy and Salween rivers, which is connected to the eastern shallow shelves along the Malay Peninsula and the Malacca Strait, in the northern region. From the shelves, the sea bottom drops sharply into a large central and two smaller basins deeper than 2000 m extending along the north-south island arc. The maximum depth is 4180 m located at the south end of the central basin. As the sill depths of channels across the Andaman-Nicobar Ridge are shallower than 1800 m, the deep water of the Andaman Sea Basin is isolated from the Bay of Bengal and its water temperature remains as high as about 5°C at the bottom.
Materials and methods
Sediment core from Andaman Sea was recovered during O.R.V. Sagar Kanya cruise 168 (Fig. 1 ).
Sediments were freeze-dried and ground for homogenization. The method applied for the extraction of the seawater-derived Fe-Mn oxy-hydroxide fraction was adopted from the previous method using hydroxylamine hydrochloride [8] . Samples were processed in acid-cleaned polypropylene centrifuge tubes (15 mL) double rinses in deionised water (Milli-Q system). Carbonate was removed using a Na acetate buffer in a shaker using capped tubes in such a way to allow degassing of carbon dioxide during carbonate dissolution. Following centrifugation and double rinses in deionised water (Milli-Q system), the Fe-Mn oxy-hydroxide coatings was dissolved by leaching the samples for 2 h in a shaker at room temperature in a 1 M hydroxylamine hydrochloride (HH)-25% distilled acetic acid [8] . Concentrations of REEs, major and trace elements in the leach fractions were carried out in a Class 1000-10,000 clean room. A high resolution sector field ICP-MS (Thermo Fisher Scientific, Element 2) was used for determination of REEs, major and trace elements. Two introduction systems were employed in this study: 1) a low flow self-aspiration micro-concentric nebulizer coupled to a Cyclone-Scott tandem type spray chamber, and 2) a CETAC Aridus desolvation system incorporating a PFA micro-concentric nebulizer and heated PTFE spray chamber. The former instrument, which delivers stable signals, is for major and trace element analysis, and the latter instrument is responsible for reducing the polyatomic interferences during the determination of REEs. The concentrations of REEs were measured using the method explained by Chung et al. [9 and references therein]. Indium and rhenium were used as internal standards in order to correct potential instrumental drift. The international standard SLR-4 was also analyzed to check the validity of the measurement. The reagents used in the leaching and dissolution procedures are all high purity, double sub-boiled distilled acids. Hence, the blanks for all elements considered here are <<1% of the analyte.
The age model was constructed mainly by using Accelerator Mass Spectrometer (AMS) 14 [12] . The ages for other horizons were assigned by interpolation/extrapolation of calibrated dates, assuming constant sedimentation rates.
Results and discussion

Downcore distribution and variation of REE
All REEs and metals results are summarized in the Table 1 . The shale-normalized REE patterns in the topmost 1 m of the core shows that the light REE (La, Ce, Pr and Nd) content is lower than the shale resulting in a sample/shale ratio lower than 0.01 (Fig. 2) . The shale-normalized REEs patterns shows that the authigenic fractions are enriched of MREE and HREE, indicative of their preferential removal from the seawater column over the LREE (Fig. 2) . Between the MREE and HREE, the terrigenous contribution is enriched in the HREE than the MREE. REE concentrations gradually increase with the sample/shale ratio to show moderate MREE enrichment and no strong coefficient of determination (R 2   ) between REE and Mn is seen ( Table 2 ). It appears that the precipitation of oxy-hydroxides has a general tendency to develop MREE enrichment in the sediments [13] . [14] . Hence the MREE enrichment could be caused by two different phases, either by leaching of phosphates or conversely, the precipitation of Fe-Mn oxy-hydroxides. It is reported that the REE budget during leaching of argillaceous sediments may be controlled by dissolution of authigenic apatite [15] . Contrary to that, there is no unambiguous indication that the MREE enrichment in porewaters is controlled by authigenic apatite [16] . It is difficult to fully rule out that part of the REE signal extracted during leaching of the Fe-Mn oxy-hydroxide fraction could be derived from contemporaneous leaching of authigenic apatite, but because of the preceding carbonate removal step.
REE patterns
Authigenic apatite can be easily dissolved using dilute acetic acid [15] . As the very first chemical reagent used in this study for the extraction of the carbonate fraction, preceding the reductive leaching of Fe-Mn oxy-hydroxides, is Na acetate buffer containing acetic acid. Therefore, we attribute the MREEenriched patterns mainly to be due to the release of REE from Fe-Mn oxy-hydroxide coatings ( Ce was removed from the sediments towards the end of the HE2. Ce anomaly is mimicking the seawater REEs pattern [17] . The organisms extracting phosphate from oxic seawater show a negative Ce anomaly [19] , whereas Fe oxide-rich oxic sediments, such as red clay, have a positive Ce anomaly [20] .
Conversely, in suboxic seawater Ce-containing sediments are mobilized so that Ce is released into the water column [21] .
Shale-normalized positive Eu anomalies were found either in water affected by eolian input [22] or in the hydrothermal solutions, as well as in sediments resulting from high temperature basalt alterations along mid-ocean ridges and back-arc spreading centres [23] or due to the contribution from in plagioclase content. The positive Eu anomalies in the Andaman sediments are more likely resulted from the hydrothermal input [2] as there is only negligible long-range transported eolian source. The main land surrounding Andaman Sea (Myanmar, Thailand and Andaman Islands) is well vegetated and has a rather humid climate [2] . Eu 3+ to Eu 2+ valency changes can take place at high temperatures (>200 º C) during redox transformations and low oxidation-reduction potentials (pH 2-4) [2 and references therein].
By using REE data in pore water from Buzzards Bay sediments, the positive Eu anomalies were found to be attained in sediments within a time span of 10,000-12,000 yr of diagenetic history [2 and
references therein] and in the present study shown at ~7,000-14,000 yr of time span (Fig. 3) , covering
Holocene, Younger Dryas and Bølling/Allerød. The Andaman Sea sediment core covers a length of 290 cm with an average sedimentation rate of ~10 cm kyr -1 .
Ca, Fe and Mn enrichment in the authigenic fraction
There is a sudden increase of Ca at the depth ~100-200 cm and remains high during the HE1 period where also flagged by the onset of higher Al, P, Ti and Fe in Andaman Sea sediments (Fig. 4) . These sediments have higher CaO contents and Sr reflecting the presence of higher biogenic carbonate content due to pelagic deposition [2] . Due to the presence of high Ca and Mn during LGM ~20 ka BP, significant Mn and Ca accumulations are seen down to 100-200 cm sediment depth. The diagenetically supplied dissolved Mn may accumulate in a pool at the seawater-sediment interface and be involved in the transformation into the carbonate phase when oxic bottom water reaches these pools. The carbonate then settles on the seafloor and creates layers of rhodochrosite [24] . A significant observation is that the On glacial-interglacial time scales, TOC fluctuations could be interpreted to reflect the first-order history of export productivity in the Andaman Basin, with sea level playing an important role in modulating that production. During glacials, lowered sea levels would have increasingly isolated the Andaman Basin and restricted input of nutrient-rich subsurface waters, thus limiting production and reducing O 2 consumption from the remineralization of sinking organic detritus. In contrast, high interglacial sea levels increase the supply of nutrients from the open ocean stimulating productivity and contributing to the anoxic depositional conditions that prevailed at these times. Presence of mid-depth intense OMZ between 150 -800 m water depths in the Andaman Sea is also reported [26] . We interpret these results to indicate both higher biological productivity and increased terrigenous input to the Andaman Basin during interstadial times. TOC (>1%) and Ba (>20 μg/g) values are increased during interstadial times (Fig. 5) . The sediments of Andaman Sea are invariably fine-grained derived from Myanmar Rivers (Irrawaddy, Salween) and are responsible for the organic enrichments along the western Andaman Sea [27] . High TOC observed during the isotopic stages 2 and 3 are probably due to the enhanced productivity.
The climate variability during marine oxygen isotope stages 2 and 3 was characterized by an alternation of warm and cold periods (stadials/ interstadials), which lasted up to several thousand years in the Andaman Sea. Are the millennial-scale variations for the glacial interval also a reflection of changing surface productivity? At first glance, the low Ca contents of sediments deposited during interstadials ( Salinity variation can cause significant seawater Ca to be precipitated [30] . It is clearly seen in the figure   4 that REE contents in the sediments at depths 290 to 225 cm decrease significantly, possibly influenced by freshwater input during de-glaciation. It is clearly evidenced from the previous findings that rapid climate change during the last deglaciation and Holocene included substantial hydrologic changes in the Indian Ocean Monsoon system that were coherent with the larger Asian monsoon [6] .
A minor fraction of the REE is possible carried by a phosphate phase, shown by an insignificant coefficient of determination (R 2 ) with P ( Table 2 ). This phosphate phase may not be biogenic apatite due to a lack of strong coefficient of determination (R 2 ) between Ca and P ( Table 2; formed commonly by the interaction between iron oxy-hydroxide and biogenic opal [32] .
Mineralogical and geochemical studies confirm the contribution of Fe from Irrawaddy and other
Myanmar rivers and local basaltic sources. The geochemical data on Fe, Mn, Ba and P are used further to differentiate between the diagenetic and hydrothermal signatures (Fig. 4, 5) . Mn showed significant enrichment (1-4%) in the top 12 cm and low Mn content in the deeper samples due to clay mineral Mn or carbonate-Mn [2] and suggested that Mn enrichment in the upper sediment are due to hydrothermal process which played a major role. In the present study, higher level of Ba, which is a productivity proxy, is observed upto ~14 ka BP during B/A but reduced Ba content during 15-40 ka BP (MIS 2-3) due to the "Late glacial" interval suggesting a near collapse of productivity [6] . Downward metal concentration varied similarly to those observed for P (between ~20 and 80 μg/g), with lower concentrations occurring during glacial intervals (H1) and higher concentrations during interglacial intervals (Fig. 4) . P is highly correlated with Mg, Al and Fe (Table 2 ).
Conclusions
This study focuses on detailed analyses of the major, trace and REE's in the authigenic fraction of Bulloides reflected the biological productivity of the overlying waters.
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